Recovery of corticospinal tract injured by traumatic axonal injury at the subcortical white matter: a case report
The corticospinal tract (CST) is a major neural tract for motor function in the human brain. In addition, CST is mainly concerned with execution of movement of the hand (Jang, 2014) . However, few studies are reported on the mechanism underlying CST recovery after traumatic brain injury (Seo and Jang, 2015) . In this study, we report on a case that showed recovery of an injured CST by traumatic axonal injury (TAI) at subcortical white matter, as detected on follow-up diffusion tensor tractography (DTT).
A 54-year-old male patient who had suffered head trauma after being hit by a bus at a crosswalk as a pedestrian underwent conservative management for an intracerebral hematoma in the right frontotemporal lobes at the department of neurosurgery in a university hospital ( Figure 1A ). The patient lost consciousness for approximately 30 minutes and experienced post-traumatic amnesia for 2 weeks from the time of the accident. He was transferred to the rehabilitation department of another university hospital for rehabilitation at 2 weeks after onset. Although he presented with quadriparesis, the left finger extensor showed more severe weakness than the right finger extensor (Medical Research Council [right/left] : 4/3; 0: no contraction, 1: palpable contraction, but no visible movement, 2: movement without gravity, 3: movement against gravity, 4: movement against a resistance lower than the resistance overcome by the healthy side, 5: movement against a resistance equal to the maximum resistance overcome by the healthy side) (Council, 1976) . The grip strength of the hands was evaluated using a dynamometer (Kim et al., 1994) . The average scores across three trials were 17/13 kg [right/left]. The Purdue pegboard scores which were the average peg counts across three trials during 30 seconds, were 6/4 [right/left] (Kim et al., 1994) . Higher score indicates much stronger muscle strength or hand function in all tests. For about 9.5 months from 2 weeks to 11 months after onset, the patient underwent comprehensive rehabilitative management in the university hospital and a local rehabilitation hospital. Until 11 months after onset, quadriparesis had improved to a nearly normal state as follows: in particular, the left weakness was more improved than the right weakness: finger extensors (Medical Research Council: 5/5), the grip strength of the hands was 34/30 kg, and the Purdue pegboard scores were 14/13. Diffusion tensor imaging (DTI) data were acquired twice (2 weeks, and 11 months after onset) using a 6-channel head coil on a 1.5 T Philips GyroscanIntera (Philips, Ltd, Best, the Netherlands) with single-shot echo-planar imaging. (A) Brain MRI taken at 2 weeks after onset shows a leukomalactic lesion in the right fronto-temporal lobe (red arrows). (B) Results of DTT. On 2-week DTT, the majority of the right CST fibers show complete discontinuation (blue arrows) at the subcortical white matter except for a few fibers connected to the cerebral cortex. By contrast, the left CST shows partial tearing at the subcortical white matter (blue arrows). On 11-month DTT, the majority of the discontinued right CST fibers are elongated to the right cerebral cortex (green arrows) and recovery of some fibers (green arrows) from the left torn CST was observed. R: Right; A: anterior; L: left.
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were as follows: acquisition matrix = 96 × 96, reconstructed matrix = 192 × 192 matrix, field of view = 240 × 240 mm 2 , repetition time = 10,398 ms, echo time = 72 ms, parallel imaging reduction factor (SENSE factor) = 2, EPI factor = 59 and b = 1,000 s/mm 2 , NEX = 1, and a slice thickness of 2.5 mm.
Fiber tracking was performed using the fiber assignment continuous tracking algorithm implemented within the DTI task card software (Philips Extended MR Workspace 2.6.3). Each of the DTI replications was intra-registered to the baseline "b 0 " images to correct for residual eddy-current image distortions and head motion effect, using a diffusion registration package (Philips Medical Systems, the Netherland). The CSTs were determined by selection of fibers passing through two regions of interest at the upper and lower pons on the axial image of the colour map (portion of anterior blue colour) (fractional anisotropy-threshold of > 0.2, direction threshold of < 40°) (Kunimatsu et al., 2004) . Diffusion tensor tractography (DTT) is derived from fiber tracking of DTI, and it is able to visualize the architecture and integrity of the CST in three dimensions. On 2-week DTT, the majority of the right CST fibers showed complete discontinuation at the subcortical white matter except for a few fibers connected to the cerebral cortex. By contrast, the left CST showed partial tearing at the subcortical white matter. On 11-month DTT, the majority of the discontinued right CST fibers were elongated to the right cerebral cortex and recovery of some fibers from the left torn CST was observed ( Figure 1B) .
In this patient, we followed up the changes of the CST along with the motor recovery until 11 months after onset, using DTT. On 2-week DTT, the right CST showed more severe injury than the left CST at the subcortical white matter: the right CST showed almost complete discontinuation, and the left CST showed partial tearing. We believe that the injuries of both CSTs in this patient were caused by traumatic axonal injury (TAI) because the conventional brain magnetic resonance imaging (MRI) of the patient did not show any abnormality in both subcortical white matter which showed discontinuation or tearing on DTT (Seo and Jang, 2015) . It appeared that these DTT findings coincided with the characteristics of quadriparesis in which the left weakness was more severe than the right weakness (Jang, 2014) . On 11-month DTT, the right discontinued CST showed significant recovery in which the majority of the discontinued CST fibers, were recovered to the cortex level, although recovery of some fibers from the left torn CST was observed. These DTT findings appeared to also be compatible with the recovery characteristics of quadriparesis: the left weakness better recovered than the right weakness; as a result, the degree of weakness had become almost similar between the two sides at 11 months after onset (Jang, 2014) . Although a few studies have demonstrated the recovery of TAI since the introduction of DTI (Skoglund et al., 2008) and many previous studies have reported the recovery of injured CST in other brain pathologies (Hou et al., 2015; Jin et al., 2015; , to the best of our knowledge, this is the first study to demonstrate recovery of a CST injured by TAI at the subcortical white matter, using DTT. However, limitations of DTI should be considered. First, DTI may underestimate the fiber tracts because regions of fiber complexity and crossing cannot fully reflect the underlying fiber architecture. Second, fiber tracking technique is operator-dependent (Yamada et al., 2009 
